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Abstract 
In this paper will be presented the results of the measurements and experimental data processing performed on 
aluminium auto radiators manufactured in Romania. Also, will be exposed numerical simulations of air flow 
through an auto radiator, from the models studied. It will be study the convective heat exchange efficiency through 
Nusselt number and intensity of heat transfer by forced convection of air through the fins with sinusoidal profile 
using Colburn criterion. Further, the numerical simulation of air flow through a mini channel created by a fin with 
sinusoidal profile, considered on the width of the device, highlights the heat diffusivity through Prandtl number, 
along this channel, depending on the particularities of its geometric shape. 
©2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
This paper is part of a larger study of aluminum auto radiators manufactured in Romania [1] and follows on 
research conducted on these devices by Prof. Mihai Nagi from the Polytechnic University of Timisoara together 
with PhD. Eng. Paul Ilieş and Eng. Vlad Martian from factory of aluminum radiators RAAL Bistrita Romania [2,4]. 
The objectives of this paper are:  
x establishing relations criteria for calculating the Nusselt and Colburn number, specific for sinusoidal channels of 
air flow with fixed height hn = 8.8 mm, variable pitch pn = 4 mm, respectively pn = 6.5 mm and different lengths 
of these channels Lair = 30, 45 65, 95 and 115 mm; 
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x analysis of convective heat exchange by Nusselt number and intensity of heat transfer by Colburn number; 
x numerical analysis of air flow through a mini channel, that highlights: 
- boundary layer separation and  
- heat diffusivity along the channel. 
In section 2 of this paper are exposed models of auto radiators for which measurements were performed. After 
processing measured data were plotted graphs of variation of Nusselt numbers in function of Reynolds criteria. 
The authors have developed a calculation program using Engineering Equation Solver software. With this 
program were generated criteria for calculating equations for Nusselt and Colburn criteria (equations 1, 2 and 4) 
exposed in section 3 of this paper. Also, have been drawn graphs of variation of these criteria in function of 
Reynolds for fins step number 4 mm 6.5 mm respectively. 
In section 4 is presented the CFD simulation of air flow through a channel  pn = 4 mm and length  Lair = 30 mm. 
CFD simulation results were compared with those obtained by calculation program developed in software EES. 
 
Nomenclature 
α convection factor 
CS  Smagorinsky constant 
d the distance to the nearest wall 
d2 ech hydraulic diameter for air flow through the cross section of the channel  
f Colburn factor 
hn height of air channels 
k  Kármán constant 
Lair  lengths of the air channels 
Pt  the turbulent viscosity  
Nu Nusselt number 
pn fins step 
Pr Prandtl number 
Re2c Reynolds number of the air for a channel  
St Stanton-criteria 
w2 c air velocity for one channel 
2. Measurements and results interpretation 
Auto radiators are parts of the cooling systems used in the compound of the air compressors, the energy transportation 
systems, machine tools, hydraulic devices, etc. The heat exchangers that were studied by the authors were water-air type.  
The experimental stand was design in order to give the possibility of measuring the parameters (pressure, flow, 
and temperature) needed for predicting the thermal global coefficient and also the pressure drop. Another reason 
was that the same stand to be used for measuring the parameters for different heat exchangers.  
The experimental stand is presented in fig.1. It has three main circuits: air, hot water and power. The measured 
parameters for each heat exchanger are: mass flow im

[kg/s] , pressure [MPa], agent’s „i” the temperature at the 
entrance and at the exit in the heat exchanger: 'it , 
''
it  [0C]. 
The length of the air channel is different for each heat exchanger. The other geometrical configurations were kept 
constant. Five heat exchangers with different length of the air channel (Lair= 30, 45, 65, 95, respectively 115 mm) 
for a variable pitch pn = 4 mm and 6.5 mm were tested: L30-4 (Lair = 30 mm, pn = 4 mm), L30-6.5, L45-4, L45-6.5, 
L65-4, L65-6.5, L95-4, L95-6.5, L115-4, L115-6.5.  
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Fig.1 The experimental stand [1] 
 
 
 
 
 
Fig. 2 Strip fins [1] Fig. 3 Dimension of air channel [1] 
Knowing the air convection coefficient allows us the calculation of convective heat exchange efficiency factor 
Nusselt through its relationship definition. From the graphic representation (Figure 4), it is noted that by the linearly 
approximately increase of Nu with increasing Reynolds number for all types of heat exchanger studied, with values 
in the range (11...44), due to the convective heat flux dependence expressed by )( 2D . 
For values of the Reynolds number in the range of laminar flow is remarkable influence of resistance at thermal 
transfer transmitted on selected characteristic length (d2ech), which is why Nu2 values are very close to all exchangers 
no matter the step fins. For Re > 1000 the influence of this resistance becomes dominant. For a given length Laer, 
Nusselt invariant suffer a influence of the convective flux, having a similar behaviour when increases with 
Reynolds. For Re = constant and different lengths for Laer Nusselt criteria decreases with increasing the length of air 
channel, no matter of size of pn step (Figure 4a and b). 
 
Fig.4 Nusselt variation in function of Reynolds for different steps: a) pn = 4 mm, b) pn = 6.5 mm [1] 
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3. Mathematical analysis 
Variation of Nusselt criterion based on the Reynolds number determined the author of this paper to find criteria 
relationships for calculating this criterion, expressing both dependency Nu2 number of criteria Re2 and characteristic 
patterns of geometric dimensions studied [2]. Based on research conducted, the author determined the following 
criteria for setting relations that allows convective calculating of flow through sinusoidal channels [3]: 
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where the constant C, x and y are values derived according to the type of exchanger, with relative errors less than 
3.5% compared to the calculated values. hcr =hn/2 represents the critical fin height, lengths to which the heat flux 
propagates through the material of the fin. Graphs of the variation of the corrected functions in equations (1) and (2) 
are drawn in Figure 5 for a step 4 mm and in figure 6 the step of 6.5 mm. 
           
Fig.5 – Nusselt criteria corrected for pn = 4 mm [1]   Fig.6 – Nusselt criteria corrected for pn = 6,5 mm [1] 
To compare the performance of extended surfaces, literature use Colburn factor that shows the intensity of heat 
transfer measure by forced convection [3, 5]. 
 
Fig.7 –Colburn function corrected for pn= 4 mm[1]   Fig.8 –Colburn function corrected for pn=6,5 mm[1] 
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In the graphs shown in Figures 7 and 8 is represented the variation by points based on Reynolds of the Colburn 
criterion resulted from calculation, for a 4 mm step (Figure 7) and 6.5 mm (Figure 8), and through continuous lines 
appropriate corrective functions. Whatever the measure of adopted step, it is observed inverse dependence of Colburn 
function for air against proper Reynolds number for a flow through a channel. Thanks to the small diameters equivalent 
flow, but mostly because of very low kinematic viscosity, air velocity leads to lower growth ratio. 
Stanton-criteria function, defined by relation (3) [6], depends directly proportional by this report and inversely 
proportional to the number Prandtl, which recorded slight variations in the range (0.76 ... 0.8). This leads to decrease 
in the range Stanton (0.02 ... 0.01) with increasing speed. This decrease is recorded also for the number (Pr22/3) in 
the same terms of speed variation.  
PrRe 
NuSt
  (3)
 
In terms of math, function Colburn vary directly with the product  3/2PrSt  and having both the product terms 
recording a decrease to an increase Reynolds means that the Colburn criterion will have a decreasing trend in the 
studied flow. Most heat exchangers with large areas are designed and adapted based on correlations obtained 
experimentally and that can be expressed graphically or as simple criteria relations. For exchangers studied in this 
paper, the author develops a correlation as a criterion of the dependence relations by Reynolds number, as follows: 
b
cc
aj 22 Re    (4) 
where the correlation coefficients a and b have values depending on of exchanger type (pn respectively Laer). 
                             Tabel 1 - Constant of criteria relation (4) for pn = 4 mm [3] 
 L30-4 L45-4 L65-4 L95-4 L115-4 
a 0,067522 0,0895681 0,0955 0,137 0,154411 
b -0,2097 -0,2587 -0,275 -0,425 -0,355826 
Erj < 2,7 % < 2,2 % < 2,8 % < 2,3 % < 2,9 % 
The influence of traverse step from corrugated fins over the values of the heat transfer factor j variation is evident 
in the chart j2 = f(Re2c), through the superiority of corresponding values for heat exchangers with a 6.5 mm step, 
compared to the ones with 4mm step. This is due to a more intense convective heat transfer for exchangers with 
6.5mm step. Relationship criterion (4) facilitates comparison of thermal performance for various models of fins that 
are found in compact heat exchanger construction. 
Mathematical modelling results obtained from the general calculation of the program conceived by the authors, 
highlight the following aspects of convective heat transfer through exchangers with compact plates and fins: 
x Convection phenomenon is reduced as the channel length increases, so, for the fins type L30_4, 
K W/m259)  (82 22 y D , and the fins type L115_4 records K W/m172)  (73 22 y D ; for Laer big, the difference between 
convection coefficient corresponding to pn = 6.5mm and pn = 4mm is greater than the small values of Laer, and for 
Re < 1000 numbers the step size has no influence; 
x Effectiveness factor of convective heat exchange (Nu2) has values very close for all exchangers regardless of the fins 
step; there is a higher power for heat transmission for fins with 6.5 mm step than those with increments of 4 mm step. 
4. Numerical analysis  
The authors used FLUENT software in order to simulate the flow through the channels of a heat exchanger. 
Large Eddy Simulation (LES) method was used for the CFD study on the geometry of plate and fins aluminium heat 
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exchanger channel, presented in figure 1. The same geometry was tested on an experimental setup developed by the 
authors. The experimental configuration gives the authors the possibility to measure the parameters involved in the 
performances of the heat exchangers, such as: pressure, pressure drop, mass flow, temperature and humidity. As it is 
known the flow through the channels of heat exchangers have to be turbulent. It is possible to analyse the entire 
turbulent field using Direct Numerical Simulation method (DNS). This method is inefficient for engineering 
problems due to the fact that considering the difference between maximum and minimum values of the Reynolds 
number, 4/3Ret , the cells dimensions have to be proportional with 4
9
Re t . DNS method simulates the unsteady flow, 
with small time steps. These two aspects are more than DNS can support. There is another method, based on 
Reynolds Averaged Navier-Stokes, equations, known as RANS, in which the equations of motion for fluid are 
basically time-averaged. The RANS equations are primarily used to describe turbulent flows and are widely used in 
research of fluid flow and heat transfer [7-8]. These equations can be used with approximations based on knowledge 
of the properties of flow turbulence to give approximate time-averaged solutions to the Navier–Stokes equations. 
4.1. Mathematical model 
Large Eddy Simulation method allows solving the large vortices and modelling the small vortices. The main 
characteristics of LES method are:  
x the momentum, mass and energy are scalars and they are carried out by large vortices, 
x large vortices are dependent by the geometry and frontier conditions, 
x small vortices are not depending by the geometry and tend to be isotropic,  
Solving only large vortices the regarding for meshing is less restrictive for LES method than for DNS. The time 
step is proportional with the turn over time of the vortices, which is also an unrestrictive condition. 
The equations characteristic for LES method are obtained either by filtering Navier-Stokes equations, by erasing 
the low energy vortices (Eq. 5) [9]: 
³ ) )
D
dxxxGxx ``),(`)()(   (5)  
where G is the filtering function that gives the values of the vortices [10].  
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The cell volume V, generates the filtering [10]. 
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After filtering Navier-Stokes equations are [10]: 
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where 
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where  Pt is the turbulent viscozity and  Sij is [10]:  
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Smagorinsky-Lilly model which was defined by Smagorinsky and improved by Lilly, gave the equation [10]:  
SLSt
2UP    (13) 
where Ls is the medium length of the cells, expressed by [10]: 
 31min VCkdL SS    (14) 
And ijij SSS 2{   (15) 
where: 
CS is Smagorinsky constant, k – Kármán constant,  
d – the distance to the nearest wall 
4.2. CFD results 
The numerical simulation applied to the geometry of the channel presented in figure 2 was made using FLUENT 
software. The results, presented in figure 9, show the variation of the air temperature in the channel. In Table 2 are 
presented the air temperature values at the exit of the channel obtained by measuring (Te 2 and by numerical 
simulation (Te 2
*) for different values of velocity of air flow through the channel (w2 c). Note that the values are very 
close, with a relative error below 0.55% [1]. 
 
Fig.9 Variation of the air temperature in the channel [1] 
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Air velocity resulting from 
measures 
Air temperature at the exit of the channel Error 
measure CFD 
w2 c , [m/s] Te 2,  [0C] Te2*, [0C] ETe2, [%] 
17.6 53.37 53.51 0.0413 
16.16 54.21 54.47 -0.1041 
13 56.10 56.35 0.1518 
11.71 57.95 57.6 -0.5460 
9.4677 60.30 60.6 -0.5122 
6.476 62.88 62.47 -0.1229 
4.973 56.99 57.25 0.3810 
3.745 60.35 60.72 0.2698 
These temperatures are used to determine air thermo physics characteristics which will be considered in 
calculations of invariants Reynolds, Prandtl, Nusselt and Colburn. Once with air heating during crossing the channel 
are improved the thermo physics performance and it’s certified through calculated and simulated results of Prandtl 
number indicated in Figure 10. 
  
Fig.10 – Variation of the Prandtl number [1] Fig.11- Velocity vectors distribution[1] 
The velocity vector of the air stream flowing through the channel breaks down on three directions of flow (xyz) 
equivalent (Lair – pn – hn) (Figure 11). Note that the maximum amplitude of the sinusoidal channel (y = pn / 2), the 
main air flow direction of vectors that have maximum velocity marked in red in Figure 11, which leads to 
dislocation of the boundary [3]. 
This phenomenon occurs both on the left wall, and on the right fin profile. Incidence of both current jets leads to 
the formation of vortex in fluid mass. These swirl areas are visible in Figure 12 and highlight convection, default 
Nusselt and Colburn numbers that will have maximum values in these areas. 
 
Fig.12 - Nusselt number and vortices distribution [1] 
398   Angela Pleșa et al. /  Energy Procedia  85 (2016)  390 – 398 
The intensity of the velocity vector, highlight transformation of kinetic energy of incident current into pressure 
energy which then dissipates along the channel. 
5. Conclusion 
This paper presents 10 types of auto radiators produced in Romania on which were carried out measurements that 
have been processed and introduced into a mathematical modelling program. This allowed the authors the 
development of criteria equations for calculating Colburn and Nusselt numbers that take into account the 
geometrical characteristics of this type of fins. These equations have a calculation error below 3% compared with 
those deduced from measurements. 
Numerical simulation highlights the different movement of air layers through the channel, and also boundary 
dislocation and incidence jets created. All this leads to vortex formation in fluid mass, a phenomenon that intensifies 
the heat exchange, especially in the curvature areas of air channel. Numerical simulation results have a 0.6% 
deviation compared to the results obtained with the mathematical model developed, which certifies its validation.  
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